Valsartan has a protective effect against hypertension and atherosclerosis in humans and experimental animal models. This study aimed to determine the effect of prolonged treatment with angiotensin II (Ang II) on atherosclerosis and the effect of valsartan on the activity of CD4 + T lymphocyte subsets. The results showed that prolonged treatment (8 wks) with exogenous Ang II resulted in an increased atherosclerotic plaque size and a switch of stable-to-unstable plaque via modulating on CD4 + T lymphocyte activity, including an increase in the T helper cell type 1 (Th1) and Th17 cells and a decrease in Th2 and regulatory T (Treg) cells. In contrast, valsartan treatment efficiently reversed the imbalance in CD4 + T lymphocyte activity, ameliorated atherosclerosis and elicited a stable plaque phenotype in addition to controlling blood pressure. In addition, treatment with anti-interleukin (IL)-5 monoclonal antibodies weakened the antiatherosclerotic effects of valsartan without affecting blood pressure.
INTRODUCTION
Cardiovascular diseases related to atherosclerosis continue to be the leading causes of illness and death among adults worldwide. Increased evidence has indicated that CD4 + T lymphocytes (also known as Th cells) are highly involved in atherosclerosis (1, 2) . CD4 + T lymphocytes include effector T cells, which protect against pathogens, and regulatory T cells (Tregs), which protect against effector responses to autoantigens and against responses to exogenous antigens that are harmful to the host. On the basis of their cytokine secretion profile, effector T cells are functionally subdivided into three types: T helper cell type 1 (Th1), Th2 and Th17. Over the past two decades, the Th1/Th2 paradigm has prevailed and the proatherogenic effect of Th1 cells was established (2) (3) (4) (5) (6) . However, the role of Th2 cells in atherosclerosis remains uncertain (2) . Recently, numerous studies have focused on Th17 in atherosclerosis, and most of these studies associated Th17 with the proatherogenic properties (7) (8) (9) being "forkhead box P3"]) and induced Tregs (iTregs), has been confirmed in numerous studies by using a variety of animal models (10) (11) (12) (13) (14) . Hypertension is one of the most important risk factors in the pathogenesis of atherosclerosis, and it has a synergistic effect with hyperlipidemia in promoting atherosclerosis. Angiotensin II (Ang II), the main effector of the renin-angiotensin system (RAS), is a bridge between hypertension and atherosclerosis, and it elicits a potent proatherogenic effect on the development and progression of atherosclerosis. Accumulating evidence has demonstrated that the effect of Ang II is mediated by Ang II type 1 (AT1) receptor activation, and AT1 receptor blockers (ARBs) are beneficial beyond their ability in lowering blood pressure; these benefits include antiinflammatory and antioxidative properties within the vasculature, resulting in the reduction of atherosclerotic progression and prevention of plaque rupture (15) (16) (17) . Importantly, Ang II upregulates the Th1 and Th17 responses and suppresses the Th2 and Treg activity in the hypertensive model (15, (18) (19) (20) (21) (22) . In contrast, reversing this modification significantly attenuates hypertension and target organ damage (15, [18] [19] [20] [21] [22] .
Valsartan, a type of ARB, not only effectively regulates blood pressure but also reduces atherosclerotic events in patients with myocardial infarction and attenuates atherosclerosis in mice (23, 24) . However, it remains uncertain whether the antiatherosclerotic effect of ARBs is associated with reversing the modification in CD4 + T lymphocyte subsets, including Th1, Th2 and Th17 cells and Tregs. Herein, we hypothesized that valsartan reduces the development of atherosclerosis by modulating the activity of CD4 + T lymphocyte subsets. In this study, using apolipoprotein E-deficient (ApoE -/-) mice, we investigated the effect of prolonged treatment with Ang II (8 wks) on atherosclerosis and the effect of valsartan on the activity of CD4 + T lymphocyte subsets. In addition, the role of the Th2 immune response in valsartan-induced atheroprotection was investigated in the present study.
MATERIALS AND METHODS

Animals and Treatment
Male ApoE -/-mice with a C57BL/6 background were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). These mice were bred and maintained in the Animal Center of Beijing University. These mice were maintained in a specific pathogen-free facility (Animal Center of Tongji Medical College of Huazhong University of Science and Technology, Wuhan, China). All protocols in this study were approved by the Animal Care and Use Committee of the Union Hospital of Huazhong University of Science and Technology, China. The 10-wk-old mice were fed a Westerntype diet containing 21% fat and 0.15% cholesterol. All mice underwent an implantation of osmotic minipumps (Alzet Model 2004, Alzet Corp., Palo Alto, CA, USA) for the infusion of Ang II (SigmaAldrich, St. Louis, MO, USA) at a rate of 1,000 ng/kg/min or for saline as the control group. After 4 wks, when the minipumps were empty, we implanted new minipumps to continue the infusion of Ang II. The minipump implantation method has been described previously (19) . Briefly, the mice were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) via an intraperitoneal injection. After sterile preparation, osmotic minipumps were implanted via a 1-cm incision between the scapulae. The incision was closed using surgical clips. Ang II was continuously infused for 8 wks. Mice were anaesthetized intraperitoneally using sodium pentobarbital at a concentration of 60 mg/kg and sacrificed.
Animal Groups
For the valsartan administration experiment, the animals were divided into the following three groups: group I (n = 10) served as the negative control group, which received a continuous administration of saline via minipumps; group II (n = 10) received Ang II via minipumps and received a gavage of saline (200 μL) once daily; and group III (n = 10) received Ang II via minipumps and received a gavage of valsartan (10 mg/kg, 200 μL) once daily.
To investigate whether the Th2 response mediated the atheroprotective effect of valsartan, the mice that were treated with Ang II plus valsartan were randomly grouped and injected intraperitoneally once per week for 8 wks with anti-interleukin (IL)-5 antibody (TRFK4; 50 μg/injection) or control rat IgG 2A .
Blood Pressure Measurement
The blood pressure and heart rates of the mice were detected via the tail cuff method (BP-98A, Softron, Tokyo, Japan). Briefly, before measurement, the mice were placed in a dark cage at 37°C for 15 min on a heating pad. The tail-cuff pressure was continuously monitored, and signals from the pressure sensors were collected using a computer. All data were calculated from 10 readings for each animal.
Antibodies and Reagents
Ang II and valsartan were purchased from Sigma-Aldrich (St. Louis, MO, USA). Splenocytes were cultured in complete RPMI 1640 (Gibco [Thermo Fisher Scientific Inc., Waltham, MA, USA]) supplemented with 10% fetal calf serum (Gibco [Thermo Fisher Scientific]) and 100 U/mL streptomycin/ penicillin. Anti-CD4-fluorescein isothiocyanate (FITC) antibody, anti-CD25-allophycocyanin (APC) antibody, anti-interferon-γ (IFN-γ)-phycoerythrin (PE) antibody, anti-IL-4-PE antibody, anti-IL-17A-PE antibody and anti-FOXP3-PE antibody were obtained from eBioscience (San Diego, CA, USA). Anti-monocyte/ macrophage-2 (MOMA-2) antibody (lot number NG1904267) was purchased from Millipore (Billerica, MA, USA), and anti-α-smooth muscle actin (SMA) was obtained from Abcam (Cambridge, MA, USA). Anti-matrix metalloproteinase (MMP)-2 antibody and anti-MMP-9 antibody were obtained from Abcam, and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was obtained from Antgene (Wuhan, China). Purified anti-CD4 antibody (clone RM4-5) was obtained from BD Systems (Bury St Edmunds, Suffolk, UK). Anti-IL-5 antibody and control rat IgG2A were obtained from R&D Systems, (Minneapolis, MN, USA). All of the enzyme-linked immunosorbent assay (ELISA) cytokine detection kits were purchased from eBioscience.
Weight and Lipids Measurement
The weight of each mouse was measured weekly at the same time the blood pressure measurements were taken. Blood was collected from the angular vein every 4 wks, and the plasma was isolated by centrifugation at a rate of 1,200g for 10 min at room temperature. The total cholesterol, triglyceride and high-density lipoprotein (HDL) cholesterol levels were measured by using enzymatic assays and determined with an autoanalyzer (Hitachi 917, Hitachi, Tokyo, Japan).
Cytokine Assays
The cytokine levels in the mouse plasma were measured by using ELISA according to the manufacturer's instructions (eBioscience). The cytokines included IFN-γ, IL-4, IL-5, IL-10, IL-13, IL-17, IL-18, IL-23, IL-33 and transforming growth factor (TGF)-β1. The intraassay and interassay variation coefficients for all ELISA findings were <10%. All samples were measured in duplicate.
Real-Time Polymerase Chain Reaction Analysis
The aorta was extracted using TRIzol reagent (Invitrogen [Thermo Fisher Scientific]) according to the manufacturer's instructions. The total RNA was reversetranscribed using the RNA polymerase chain reaction (PCR) kit (Takara Biotechnology, Dalian, China). The mRNA was analyzed by real-time PCR by using the ABI PRISM 7900 Sequence Detector system (Applied Biosystems [Thermo Fisher Scientific]) according to the manufacturer's instructions. All reactions were performed in duplicate for each sample. The relative mRNA expression level was calculated by using the comparative computed tomography (CT) method formula 2 -ΔΔCT . Data were normalized to GAPDH. The primer pairs are listed in Table 1 .
Atherosclerotic Lesion Measurement
Atherosclerotic lesions were quantified in en face preparations of the whole aorta, and the frozen histological sections of the aortic sinus were processed as previously described (25) . After en face aorta lesion staining, images of the entire vessel were captured by using a digital camera. After aortic sinus oil-red staining, all images were collected and analyzed by using the Image-Pro Plus 6.0 software (Media Cybernetics Inc., Rockville, MD, USA).
For the immunohistochemical analysis of the lesion, approximately 5-μm sections of aortic sinus were prepared. The antibodies used were as follows: purified anti-smooth muscle actin antibody 
Western Blot
Total protein of thoracic aorta was extracted by using a Total Protein Extraction Kit (Pierce [Thermo Fisher Scientific]). After centrifugation at 12,000g for 30 min at 4°C, the protein was obtained as the supernatant. The concentration of aorta protein was detected with the BCA Protein Assay Kit (Pierce [Thermo Fisher Scientific]). Samples containing 50 μg protein were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and electrotransferred onto nitrocellulose membranes. Membranes were blocked by Tris-buffered saline with Tween containing 5% skim milk. Then, the membranes were incubated with anti-MMP-2, anti-MMP-9 and anti-GAPDH ), the cells were stained with anti-CD4 and anti-CD25 antibodies after fixation and permeabilization according to the manufacturer's instructions and were then stained with the anti-FOXP3 antibody. Isotype controls were given to correct compensation and confirm antibody specificity. Data were collected by using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo software (Treestar, Inc., Ashland, OR, USA).
Statistical Analysis
The data are shown as the mean ± standard deviation (SD) unless otherwise indicated. Comparisons between groups were performed using the Student t test when the data were normally distributed and the group variances were equal. The Mann-Whitney rank sum test was used when the data were not normally distributed or if the group variances were unequal. One-way analysis of variance was used for multiple comparisons among three groups, followed by the Bonferroni test when the data were normally distributed and the group variances were equal. The Kruskal-Wallis test followed by the Dunn test was used when the group data were not normally distributed or if the group variances were unequal. All statistical analyses were performed by using the GraphPad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA). p < 0.05 was considered significant.
RESULTS
Effect of Valsartan on Blood Pressure
We detected the blood pressure of the three groups of ApoE -/-mice each week using the tail-cuff method. At baseline, the systolic blood pressure did not demonstrate a difference in the three groups.
The systolic blood pressure increased markedly with Ang II infusion after 1 wk. The blood pressure of group II (Ang II + saline) remained high throughout the experimental course. The blood pressure level of group III, which was given valsartan, was significantly lower than that of group II ( Figure 1A) . The difference in the systolic pressure between groups I and III was not statistically significant. In addition, there was no significant difference in the heart rate in the three groups ( Figure 1B ). 
V A L S A R T A N A T T E N U A T E S A T H E R O S C L E R O S I
Effect of Valsartan on Body Weight and Plasma Lipids
The results of body weight and plasma lipids analysis, including the total plasma cholesterol, HDL cholesterol and triglycerides, were similar in the three groups (Table 2 ). These results indicated that the administration of valsartan had no obvious effect on the body weight or plasma lipid levels.
Valsartan Ameliorates Atherosclerosis in Ang II-Treated ApoE -/-Mice
The results showed that the atherosclerosis lesion size in the aortic sinus of group II was significantly increased compared with that of group I (698,000 ± 210,700 versus 405,000 ± 175,000 μm 2 , p < 0.05; Figure 2C ). In contrast, there was a 35% reduction in the atherosclerosis lesion size in mice given valsartan (group III) (458,500 ± 84,350 μm 2 ) compared with group II (p < 0.05; Figure 2C ). We also quantified the lesion area in en face preparations of the entire aorta. We found an increased plaque burden in group II compared with group I (41.84 ± 13.17% versus 18.76 ± 4.58%, p < 0.01; Figure 2D ). However, there was a significant reduction in the aortic plaque burden in group III compared with group II (26.51 ± 5.22% versus 41.84 ± 13.17%, p < 0.05; Figure 2D ).
Effects of Valsartan on the Formation of Atherosclerotic Plaques
To investigate the effects of the administration of valsartan on Ang II-treated ApoE -/-mice, we performed immunohistochemical studies, including staining for α-SMA, CD4 and macrophages as well as the use of Masson trichrome staining of the atherosclerosis lesions in the aortic sinus of the three groups. The α-SMA-positive area in group II was decreased compared with group I (18.36 ± 4.68% versus 30.78 ± 6.88%, p < 0.01; Figure 3B) , particularly at the surface of the lesion cap ( Figure 3A) . However, the valsartan-administered group (group III) increased in the positive area of α-SMA compared with group II (26.80 ± 6.30% versus 18.36 ± 4.68%, p < 0.05; Figure 3B) ; the positive area on the lesion cap also Values are expressed as means ± SD; n = 6. increased ( Figure 3A) . Figure 3E ). We used real-time PCR and Western blot analysis to measure the expression of MMP-2 and MMP-9 of the aorta in the three groups. Figure 4 showed that the mRNA and protein expression of MMP-2 and MMP-9 in group II increased compared with group I, and the administration of valsartan reversed the modification. Taken together, the results indicated that Ang II induces plaque instability, whereas valsartan promotes a stable plaque phenotype.
Valsartan Modulates the Activity of CD4 + T Lymphocyte Subsets
Mazzolai demonstrated that endogenous Ang II elicits a Th1 response in ApoE -/-mice (5). The results of the present study showed that there was not only an imbalance of Th1/Th2 but that the imbalance of Th17/Treg was also worsened in the exogenous Ang II-treated ApoE -/-mice. As shown in Figure 
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Valsartan Attenuates Both Systemic and Local Inflammation
To examine the effect of the administration of valsartan on systemic inflammation, we analyzed the cytokine levels in the serum of the three groups. Group II had a higher level of IFN-γ, IL-18, IL-17 and IL-23 with a lower level of IL-4, IL-5, IL-33, TGF-β1 and IL-10 compared with group I (Figures 6A, B) . However, animals in group III had the opposite results compared with group II (Figures 6A, B) . In addition, we analyzed the mRNA expression of these cytokines in the aorta of the mice. Our results showed that group II had a higher level of IFN-γ, T box-21 (TBX21), IL-18, retinoid acid receptor-related orphan receptor gamma t (RORγT), IL-17 and IL-23 and a lower level of IL-4, GATA binding protein 3 (GATA3), IL-5, IL-10, IL-33, TGF-β1 and FOXP3 compared with group I (Figures 6C, D) . Interestingly, mice treated with valsartan (group III) showed opposite results compared with group II (Figures 6C, D) . However, the levels of IL-13, another Th2-related cytokine, were below the detection limit in the three groups.
Anti-IL-5 Monoclonal Antibodies Abrogate the Effect of Valsartan on Atherosclerosis
We reported that valsartan upregulated the frequencies of Th2 cells. Furthermore, the ELISA and PCR results for cytokines also indicated that Th2 cell-related cytokines, particularly IL-5, were significantly increased after valsartan treatment. Several studies reported the atheroprotective role of IL-5 in both LDLR -/-mice and IL-33-treated ApoE -/-mice (26, 27) . To determine whether the Th2 response exhibits a vital role of preventing plaque formation in valsartantreated ApoE -/-mice, we performed an IL-5 neutralization study. The mice were treated in the same way as mice in group III (Ang II plus valsartan), and they were subsequently injected with anti-IL-5 monoclonal antibody (mAb) or control rat IgG2A once per week. We measured the IL-5 level in the serum between the groups, and the level of IL-5 was normalized in the anti-IL-5 group compared with the control group ( Figure 7A ). Although there was no difference in blood pressure between the groups ( Figure 7B ), we found that anti-IL-5 mAb reversed the protective effect of valsartan on plague growth (Figure 8 ). Moreover, although the α-SMA and Masson staining of plaques were not significantly different between the groups, macrophage infiltration was increased in the anti-IL-5 mAb group compared with the control group.
DISCUSSION
In the present study, we found that 8 wks of exogenous Ang II treatment not only accelerated the development of atherosclerosis but that it also promoted a switch from a stable-to-unstable plaque that is associated with a change in CD4 + D 2 1 : 1 4 3 -1 5 3 , 2 0 1 5 | M E N G E T lymphocyte activity. We also found that valsartan reversed the effect of Ang II on the progress of atherosclerosis and modulated the activity of CD4 + T lymphocytes.
R E S E A R C H A R T I C L E M O L M E
The administration of valsartan significantly increased the frequencies of Th2 Numerous studies have demonstrated the proatherogenic properties of Th1 by using different atherosclerosis-prone models (2-6). Evidence from clinical investigations has shown that the upregulated Th1 immune response is overwhelming in patients with acute coronary syndrome (28, 29) and that the imbalance between Th1 and Th2 might play a role in plaque rupture (3, 5, 30) . Interestingly, changes in the Th2 but not Th1 levels have been correlated with cardiovascular events (31). Engelbertsen et al. (31) measured the baseline circulating Th1 and Th2 levels and the production of cytokines in 700 participants who were enrolled in the Malmö Diet and Cancer Study. The results indicated that high Th2 levels were independently associated with a reduced risk of acute myocardial infarction in women and that the secretion of IL-4 was negatively correlated with the onset of cardiovascular disease, suggesting a protective role of the Th2 response in atherosclerosis-related disease. These results were consistent with Tracy's report (32) , in which circulating Th1 levels were positively associated with the intimal media thickness of the common carotid, whereas circulating Th2 levels were negatively associated with the intimal media thickness of the common carotid.
Because prone models or in patients with coronary artery disease, suggesting that Th2 may function as a bystander in atherosclerosis (5, 6, 28, 29) . However, an increasing number of studies have confirmed the antiatherogenic properties of the Th2 response (26, 27, (34) (35) (36) .
V A L S A R T A N A T T E N U A T E S A T H E R O S C L E R O S I
In the present study, 8 wks of exogenous Ang II treatment significantly upregulated the Th1 response and suppressed the Th2 response; therefore, the imbalance of Th1 and Th2 was significantly enhanced in Ang II-treated ApoE -/-mice. In contrast, blockade of the AT1 receptor by using valsartan efficiently attenuated Ang II-induced atherosclerosis and modulated the imbalance of Th1 and Th2, which was characterized by decreased Th1 levels and increased Th2 levels. In light of this observation, the production of Th2-related cytokines, including IL-4, IL-5, IL-13 and IL-33, was measured. The results showed that the IL-4 levels were increased approximately twofold, and the IL-5 levels were increased approximately fivefold; the IL-33 levels were also significantly increased in valsartan-treated mice, although the levels of IL-13 were below the detection limit among the three groups. (41) found that IL-17 deficiency did not af- fect the lesion size induced by 4 wks of Ang II infusion. This study revealed that IL-17 might be associated with plaque stability because IL-17 deficiency resulted in a decrease in leukocyte and dendritic cell infiltration and in aortic superoxide production.
R E S E A R C H A R T I C L E
In the present study, we found that upregulation of the Th17 immune response was accompanied by an increase in lesion size and plaque instability in 8- for the first time in the present study. The Treg levels, the expression of FOXP3 and the production of IL-10 and TGF-β1 were significantly blunted in Ang II-treated mice, whereas valsartan treatment efficiently restored Treg activity. Because abundant studies have shown the protective role of Treg cells in both atherosclerosis and Ang II-induced target-organ damage (40, (42) (43) (44) , the Treg response may play a protective role in Ang II-induced atherosclerosis. However, there is still insufficient direct evidence supporting that Treg cells protect mice from Ang II-induced atherosclerosis, and this point needs to be elucidated in future research.
CONCLUSION
In summary, prolonged treatment with Ang II resulted in an increased atherosclerotic plaque size and a switch from stable-to-unstable plaques via modulation of CD4 + T lymphocyte activity. However, whether Ang II binds to the AT1 receptor in the T cell directly by regulating T-cell polarization is still unclear and should be investigated in the future. In contrast, valsartan treatment efficiently reversed the imbalance in CD4 + T lymphocyte activity, ameliorated atherosclerosis and elicited a stable plaque phenotype, and these effects were partially mediated by the Th2 immune response. 
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